Spalling resistance and fracture energy of high-alumina refractories / by Larson, Daniel R.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1974
Spalling resistance and fracture energy of high-
alumina refractories /
Daniel R. Larson
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Engineering Science and Materials Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Larson, Daniel R., "Spalling resistance and fracture energy of high-alumina refractories /" (1974). Theses and Dissertations. 4412.
https://preserve.lehigh.edu/etd/4412
SPALLING RESISTANCE AND FRACTURE ENERGY 
OF HIGH-ALUMINA R.EFRACTORIES 
by 
Daniel R. Larson 
A Thesis 
Presented to the Graduate Corrunittee 
of Lehigh Universiry 
in Candidacy for the Degree of 
Master of Science 
• in 
Physical Ceramics 
Lehigh University 
1974 
This thesis is accepted and approved in partial fu.lf illment 
of the requirements for the degree of Master of Science. 
I? 7 1/ 
\ 
Professor 
Chairman of Department 
• 
• 
• • 11 
.,....,, . 
ACKNONLEDGMENTS 
The author wishes to express his gratitude to Dr. D. P.H. 
Hasselman for his guidance, encouragement, and advice during the 
course of this investigation. 
The assistance of Joh.n Ainsworth of Bethlehem Steel Cor-
poration with the Young's modulus measurements is greatly appre-
ciated. 
The author also wishes to thank A. P. Green Refractories 
Co., Harbison Walker Refractor~es~ J. ·H. France Refractory Co., 
General Refractories Co., North American Refractories Co., H.K. 
Porter Co., Inc., and New Castle Refractories Co. for supplying 
the specimens required for the study. 
Financial support was provided by the Pennsylvania Science 
and Engineering Foundation and by the Refractories Institute in 
the form of a F.I.R.E. award. 
..... " 
iii' 
. . 
' 
TA.BLE OF CONTENTS 
Title Page 
Certificate of Approval 
AC KNOIJL EDG EMENTS 
TABLE OF CONTENTS 
LIST OF TABLES 
,LIST OF FIGURES 
ABSTRACT 
I. INTRODUCTION 
II. BACKGROUND 
A. General 
B. Initiation of Fracture 
C. Thermal Shock Damage Resistance 
D. Unified Theory of Thermal Shock Crack Propagation 
III. EXPERIMENTAL 
A. Materials / 
B. Physical Property Measurements 
f 
C. Thermal Shock Tests 
1. Water Quenching 
2. Radiation Heating 
IV. EXPERIMENTAL RESULTS 
A. Water Quenching 
_.B. Rijdiation Heating 
,, 
• 
• lV 
...... 
• 
) 
I. 
___ ., . .\-
' 
u 
'"1_ r -: 
Page 
ii 
••• 111 
• iv 
• Vl 
• • V11 
1 
2 
4 
4 
4 
5 
9 
16 
16 
16 
23 
23 
24 
· 27 
27 
40 
< 
TABLE OF CONTENTS (Cont.)· 
V. DISCUSSION 
A. General 
B. Water Quenching 
C. Radiation Heating 
VI. CONCLUSIONS 
REFERENCES 
VITA 
. . 
I 
V 
/1 
. I •'1 .· _, ,· I 
-' 
48 
51 
58 
62 
64 
68 
' ' ~~ 
~ . 
J, 
( . 
f 
Table 
I. 
II. 
III. 
IV. 
v. 
VI. 
r 
LIST OF TABLES 
" 
Sununary of Thermal Stress Resistance Parameters 
and Their Appropriate Thermal Envi.ronments 
Fracture Energies and Thermomechanical 
Properties 
Thermal Resistance Parameters 
I" 
" 
Modulus of Rupture After Water Quenching 
Modulus of Rupture After Radiation Heating 
Effective Crack Lengths of As-received and 
Water Quenched Specimens 
• Vl 
Page 
6 
( 
17 
29 
31 
42 
55 'lili 
;.. •• "!.J' 
Figure 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
',,, 
LIST or FIGURES 
U.niaxially constrained flat plate with N 
Griffith t·ype simultaneously propagating 
surf ace cracks per unit area of equal 
length. (After reference 16) 
Thermal stress crack stability and propa-
gation behavior for rigidly constrained 
flat plate with N cracks per unit area, 
cooled through a temperature difference 
6T. (After reference 16) 
Crack propagation and strength behavior for 
unstable (figs. A and B) and stable (figs. 
C and D) crack propagation under conditions 
.. 
of thermal shock. 
Typical specimen configurations for: (A), 
the notched beam method, note the cross-
hatched notch area; and (B), the work of 
fracture method, note the cross-hatched 
area of fracture. 
Schematic illustrations of (a) thermal shock 
test unit which is radiation heated on op-
posite sides, (b) cutting directions for 
specimen after thermal shock, and (c) strength 
measurement afte~ cutting. (After ref. 13) 
' Strength of high-alumina refractories as a 
function of critical stress intensity factor. 
Strength behavior of corundum refractory (Refractory #2) subjected to a water quench. 
Strength behavior of rnullite refractory (Refractory #23) subjected to a water quench. 
Strength behavior of 60% alumina refractory (Refractory #32) subjected to a water quench. 
Strength behavior of 60% alumina refractory (Refractory #28) sµbjected to a water quench. 
• • • V11· 
' ... ;-~ 
Page 
10 
12 
14 
20 
25 
28 
33 
34 
35 
" 
' ' 36 
• 
Figure 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
LIST OF FIGURES (Cont.) 
Retained strength of high-alwnina refractories 
subjected to a ~ater quench temperature dif-
ference of 1000 Casa function of the thermal 
stress resistance parameter Rst· 
0 Strength loss for water quenching 6T of ·1000 C 
as a function of Rst· 
~ 
Scanning electron micrograph of specimen ~ur-
face of high-alumina refractory with 80%' Al2o3 (Retractor~ #15), a: prior to quench and b: 
after 1000 C quench into water. (40X) 
Strength behavior of corundum refractory (Refractory #2) subjected to radiation heating. 
Strength behavior of 60% alumina refractory (Refractory #28) subjected to radiation heating. 
> Strength behavior of mullite refractory 
_(Refractory #23) subjected to radia~ion heating. 
' Retained strength at the critical furnace tem-
perature of high-alumina refractor.ies exhibiting 
unstable crack propagation when subjected to 
radiation heating as a function of the thermal 
shock damage resistance parameter R''''· 
0 . Strength loss over 200 C temperat~re range of 
high-alumina refractories exhibiting stable 
crack propagation when subjected to radiation 
heating as a function of the thermal stress 
resistance parameter Rt· 
s 
' Comparison of experimental and th~oretical depen-
dence of crack length on temperature difference 
of thermal shock. . ; 
"' 
20. - Thermal shock cracks produGed in mullite_composi-
. . -'· 
tion (Refractorg #23) by radiatio? heating in 
furnace at 1420 C. (SX) . · · . 
. \, 
• • • V111 
., 
, . 
. ' 
. 
c, 
, .. 
/ ~ .. 
./ 
."-- ·-- .. ;"· ~.: ._ .... ·.··- .. 
\lCO 
Page 
38 
39 
41 
43 
44 
45 
46 
47 
53 
~. 60 
Spalling Resistance and Fracture Energy 
of High-Alum,ina Refractories 
by 
Daniel R. Larson 
ABSTRACT 
A study was conducted of the fracture energies and spalling 
I 
J 
resistance when su:bjected to water quenching and radiation heating 1 
' ) 
of high-alumina _refractories. The fracture energies, YwoF and 
~ YNBT' were measured by the work-of-fracture and the notched-beam-
technique, respectively. Spalling resistance as measured by the 
relative strength retained after a water quench showed a good 
correlation with tne thermal stress resistance parameter R = st · 2 k . (YwoF/a E) 2 , applicable to·the stable crack propagation observed. 
Both stable and unstable crack propagation resulted from thermal 
sho~k by radiation heating. The stable behavior showed a good 
correlation with R5 t and the unstable behavior correlated well 
with the thermal shock damage resistance parameter R'''' = , 
2 tYwoF/St. Many of the refractories exhibited high ra~a.s of YwoF 
to yNBT which was shown analytically to maximize the parameter 
R' '' '. The increase of crack length with increasing quenching ,· 
temperature difference (LlT) was shown to be somewhat less than 
predicted theoretically which was attributed to_an increase in 
., J.;.• 
crack density with l1T. The general results show that fracture 
~ energy plays an important role iri establishing the spalling resis-
.. 
tance of high-alumina refractorieE3.,-
, 
ii". 
,y 
I. I'NTRODUCTION 
Refractories directly or indirectly affect every sector 
of the United States' production complex and are therefore of 
critical importance to the economy. They are used wherever 
high temperature containment or control economy is necessary. 
In the ceramic industry, refractories are used in glass melters, 
cement kilns, and kilns for\drying and/or firing various 
ceramic products. Metallurgical industries use refractories 
to line steel furnaces, copper smelters, aluminum furnaces, 
and hot metal transfer equipment. The chemical industry re-
quires refractories for minerals processing equipment and 
1 2 reactors in petroleum refineries and fertilizer plants. ' 
The severe service conditions of refractories cause 
deterioration through wear, chemical attack by corrosive slags 
and gases, and spalling caused by internal strains arising 
from the thermal environment. They are generally not subjected 
to high external mechanical stresses. 3 
The failure of refractories under conditions of thermal 
shock represents a critical problem in refractory technology. 
Because of their brittle nature and low thermal conductivity, 
refractories are particularly susceptible to failure from 
thermal stresses. Brittle material.s have little capability for 
stress relief and a high thermal conductivity is nece~sary to 
avoid extreme temperature distributions •. The therma;i. s.tress 
.failure is generally d.ue to tensile or shear stresses. Thermally 
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inctuced internal strains large enough to initiate fracture 
accompanied by crack propagation sufficiently extensive to 
render the refractory u.nsuitable for conti.nued use can be 
I 
caused by: (l) non~linear tempera tu.re distributions in the 
body, ( 2) rapid environmental temperature changes, and ( 3) 
changing the temperature of a heterogenous body to a temperature 
at which the differences in thermal expansion of the various 
phases create critical strains. 
The purpose of this thesis is to investigate the thermal 
shock behavior of high-alumina refractories in relation to 
various material properties including modulus of rupture, 
elastic modulus, coefficient of thermal expansion, and effective 
fracture energy. Thermal shock resistance and thermal shock 
damage resistance parameters proposed in the literature to 
predict relative thermal shock behavior of materials will be 
calculated from these mechanical properties and compared to 
observed thermal shock results. 
-
3 
)' 
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I I • BAC KGROUN'D 
A. General 
~ 
Just as there are many factors involved in thermal stress 
fracture, there are many ways of judging the performance of a 
material when subjected to thermal stress. They fall into two 
general categories. The first category involves avoiding frac-
ture and is concerned with determining the maximum temperature 
difference, heat flux, thermal gradient, or minimum cycles of 
treatment that the body can withstand without undergoing failure; 
, in other words, what severity of thermal shock/causes initiation 
of fracture. The other category monitors the degree o~ damage 
done by a given severity of thermal shock as a result of crack 
propagation after initiation of fracture. Damage is measured by 
loss of weight, decrease in strength, or decrease in elastic 
properties. 
In order to estimate the thermal resistance of a material, 
it is expfdient to use parameters calculated from those proper-
ties which affect the response of the material to the thermal 
environment. 
• 
..... 
B. Initiation of Fracture 
The classical approach to the thermal 'stress problem is 
based on thermoelastic theory. The theory involves solving the 
tt ,, heat transfer equations applicable to the specific thermal shock 
,, ...... J 
conditions and specimen geometry in order to calculate the 
stresses due to the temperature distribution. 4 Kingery5 re-
viewed many of these analyses for steady and u.nsteady or tran-
sient heat transfer and many other factors that affect thermal 
shock. Hasse1man6 later compiled a summary of proposed thermal 
stress resistance parameters. The parameters applicable to 
thermal shock fracture initiation for many conditions of thermal 
shock are given in Table I. From Table I it is obvious that for 
improved thermal stress performance an attempt should be made 
to decrease the temperature difference, the rate of heat trans-
fer, the thermal expansion coefficient, the emissivity, the \_ 
\ viscosity if creep occurs, and Poisson's ratio. On the other 
hand, an increase in the extensibility to failure (tensile 
strength/Young's modulus), the thermal conductivity, and the 
' transparency would be desirable. 
\. 
C. Thermal Shock Damage Resistance 
Kingery5 recognized the lack of an analysis for predicting 
' 
the extent of damage sustained once fracture was initiated as 
discussed in the previous section. Hasselman7 developed such a 
theory based on the modified Griffith criterion~that cracks 
will propagate when the strain energy release rate exceeds the 
-energy· necessary for crack propagation. The driving forc~e for 
crack propagation is therefore the amount of stored elastic 
energy in the body at the instant of crack initiation that is 
5 
... 
II 
en 
TABLE I. SUMMARY OF THERMAL STRESS RESISTANCE PARAMETERS AND THEIR APPROPRIATE THERMAL ENVIRONMENTS Thermal Stress· 
Fracture Resistance Parameters 
Literature 
Designation 
R 
R' 
Rt T 
Thermal Environment. The appropriate parameter is used to compare: 
a. The maximum allowable temperature difference in body under conditions of steady heat flO\tl. 
b. The maximum allowable temperature difference to which body can be subjected in convective e.nviron-ment for f3>>1. 
c. The maximum allowable temperature gradient in steady state heat conduction in solid containing nonconducting holes or cavities. 
a. The maximum allowable heat flux through body under conditions of steady heat flow. 
b. The maximum allowable temperature difference to which body can be subjected under convective heat transfer for f3>~. 
c. The maximum allowable heat flux in steady state heat conduction in solid containing nonconducting holes or cavities. 
a. The maximum allowab17 .. rate of surface heating. 
a. The maximum allowable rate of increase of tempera-ture difference across body undergoing thermal stress relaxation by creep. 
I 
' ' 
', 
. ~-,..,. 
·-
' 
., 
TABLE I •. SUMMARY OF THERMAL STRESS RESISTANCE PARAMETERS AND THEIR APPROPRIATE THERMAL ENVIRONMENTS (Cont.) Thermal Stress 
·Fracture Resistance 
. Parameters 
St11-'J)k 
ctr, 
St(l-'v )k 
a.EE: 
St(l-'v)k 
a.Ee: (1-F:\ 0 ) 
~ i,. 
List of Symbols 
Literature 
Designation 
Rrad 
Rtransp 
Thermal Environment. The appropriate parameter is used to compare: 
a. The maximum allowable rate of change of heat f1ux through body undergoing thermal stress relaxation by creep. 
a. The maximum allowable blackbody radiation to \J1hich opaque material can be subjected. 
a. The maximum allowable blackbody temperature to which semitransparent materials can be subjected the adsorption properties of which can be described as transparent for A<A 0 and opaque for ~>A 0 • 
Ct ' coefficient of thermal expansion a thermal diffusivity ~ Biot's modulus (S=bh/k) b thickness of flat plate, radius of sphere e: emissivity 
E Young's modulus of elasticity 11 viscosity 
, 
F~o fraction of total energy from blackbody radiation below frequency Ao h .surface heat transfer coefficient k thermal conductivity Ao wavelength above which semitransparent ceramic is opaque and below which it is transparent Poisson's ratio 
tensile -strength 
• 
_2_ ·-
available for transformation into surface energy and various 
other energy absorbing processes. If the available stored ' 
elastic energy is low and the effective fracture energy (Y ef f) 
high, then the crack will not propagate across the entire 
cross-section of the body and failure will be non-catastrophic. 
The effective fracture energy is defined as the energy 
consumed in forming a surface of unit area during a fracture 
process. This energy may include the thermodynamic surface 
free energy, plastic or viscous deformation, nucleation, dis-
location movement at the crack tip, friction along secondary 
fractures, 8 subsidiary cracking, step formation around grains, 9 
10 stored elastic energy in surface layers of the fracture face, 
non-recoverable elastic energy (e.g., acoustic emissions), 11 
and electrical charges on fresh surfaces. 
By relating the degree of damage to the amount of new 
7 surface area created by the released elastic energy, Hasselman 
introduced two thermal shock damage resistance parameters: 
• R r r r 
R r r r r 
-
-
-
-
2 E/St (1-v) 
2 EY eff/St (1-v) 
(1) 
(2) 
where Eis Young's modulus, St the tensile strength, and v 
Poisson's ratio. R''' compares materials with the same effective 
fracture energy and density of propag~ting cracks. R'''' is 
applied to: materials with different effective fracture energies, 
but 
has 
,-
r 
similar propagating 
. 9 been proposed: 
crack densities. A similar .parameter (T) 
8 
'. ;_:.-
' < 
T -
- ( 3) 
which represents the minimum in the total number of fragments 
resulting from the initiation of thermal stress fracture. 
For good thermal shock damage resistance high values of 
E, Yeff' N, and v combined with low strength are necessary. 
However, the strength should not be so low such that the re-
tained strength, even with a minimal amount of damage, is too 
low for service. This will be discussed in more detail later. 
Experimental evide,nce has shown th~ applicability of these 
. 12-14 parameters to refractory brick. 
D. Unified Theory of Thermal Shock Crack Propagation 
15 Hasselman was later able to develop a theory based on 
fracture-mechanical concepts which included both the classical 
thermoelastic approach and the damage resistance concept. By 
. 
·.~ 
using a simple mechanical model consisting of a uniaxially 
constrained flat plate with N Griffith type simultaneously 
propagating surface cracks per unit area of equal length (t ) 
0 
(figure 1), a relationship for the critical temperature differ-
ence (~T )-below which the cracks are stable and above which C 
th k t d . d 16 e crac propaga es was er1ve: 
/:JT 
C 
-
- (4) 
where E is Young's modulus of the crack free material, y the 0 
fracture energy, and a the linear coefficient of thermal 
9 
·'· 
• < 
~-··-
. 
, 
'. 
. _J-1 __ 
• 
, 
Figure 1. Uniaxially·constrained flat plate with N 
Griffith type· simultaneously propagating 
surface cracks per unit area of equal 
length. (After reference 16) 
;1. 
10 
f 
- I 
., 
expc1nsion. r·or a given crack leng·th anct crack density, high 
values of L\'rc require a high value of the thermal shock resis-
tance parameter Rt: 
s 
(5) 
Figure 2 illustrates the dependence of 6Tc on crack 
length (t) and crack density as indicated by the solid lines. 
The increase in ~T \tJi th l for large values of t is due to the C 
decrease in effective Young's modulus of the material caused by 
the presence of the cracks. For high values of l\T in addition 
C 
to high values of Rst' high crack densities are also desirable. 
The minimum in ~T occurs at a value of crack length (t ): 
C m 
t 
m 
-
- (6) 
Fort < t , at ~T there is more than enough available stored 0 m C 
elastic energy released and crack propagation occurs in a 
catastrophic marmer with the crack length changing rapidly to a 
new value indicated by the dotted lines in figure 2. This is 
referred to as unstable crack propagation. The crack propagates 
past the solid line into the region of stability because of the 
~bsorption of tne kinetic energy the propagating crack acquires. 
To a good approximation, the final crack length (-tf) can be 
shown to be: 
(7) 
1· 
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CRACK LENGTH <l> Figure 2. Thermal stress crack stability and propagation behavior for rigidly con-strained flat plate with N cracks per unit area, cooled through a tempera-ture difference ~T. (After reference 16) 
which is similar to the thermal shock damage resistance parameter 
R'''' given in equation (2). Any additional crack propagation 
r requires a second critical temperature difference (6Tc) to be 
reached. For l 0 > lm' crack propagation occurs in a so-called 
stable manner with crack length changing uniformly with AT as 
described by equation (4). 
The changes in crack length as a function of 6T for 
t 0 < tm and t 0 > tm are shown schematically in figures 3A and 3C 
respectively. The corresponding changes in strength for several 
temperature differences are shown in figures 3B and 3D. The 
discontinuous strength loss shown in figure 3B is typical for 
high-str~ngth technical ceramics and glasses. This behavior has 
. 17-22 been observed experimentally for polycrystalline alumina, 
beryllia, 22 porcelain, 23 and Zno. 24 The strength behavior shown 
in figure 3D is characteristic of low strength, highly porous, 
1 . . t . 1 20 Th h . h 1 arge grain-size ma er1a s. e catastrop 1c strengt oss 
in figure 3B should be interpreted in terms of the thermal shock 
damage resistance parameters R'' 1 or R1 ''' in conjunction with a 
knowledge of crack density, whereas the strength behavior of 
figure 3D should be interpreted in terms of the parameter Rt· 
,S 
For materials with t > t , maximizing R''' or R 1 ' '' will not· o m 
necessarily increase the thermal shock damage resistance. Only 
by increasing Rst will the performance be expected to improve. 
r For materials with ~ · <' ~ and temperatures between ~T and 6T , 0 m C C ,. 
maximizing R 1 ''' will decrease the damage sustained. However, 
, ..... 
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Figure 3. Crack propagation and strength behavior for 
unstable (figs. A and B) and stable (figs. ~ and D) crack propagati0n under conditions 
of thermal.shock. 
·14 
~--.... 
.. 
, . 
' for temperatures above tiTc high values for Rst will lessen the 
amount of additional clamage. 
The purpose of this work is to investigate the type of 
thermal shock behavior characteristic of several commercial 
brands of high-alum.ina refractories under thermal shock con-
ditions of both rapid surface heating and cooling and to com-
pare this behavior to the _appropriate thermal resistance 
parameters calculated from various thermomechanical properties 
of the high-alumina refractories. 
15 
• 
III. EXPERI~fENTAL 
A. Materials 
~figh-alum.ina refractories were selected as appropriate 
materials for the research program. Industry's push to higher 
firing temperatures and faster firing schedules than suitable 
for silica and fireclay brick has resulted in a marked increase 
in the consumption of high-alumina refractories. 25 They are 
chosen for their high refractoriness and their resistance to 
chemical attack by various slags and fumes, spalling, impact·, 
b . d 1 d h. h 26
-
28 a rasion, an oa at 1g temperatures. 
Samples of 38 brands as listed in Table II, with alumina 
content ranging from 45% to 99% were donated by seven different 
manufacturers. 'Iwo corundum and t\vo mullite compositions were 
among those obtained. All compositions but four were received 
in the form of nine-inch straights. The brands 90B, DV, DV-38, 
and Kruzite-D were obtained in the form of nine-inch splits. 
B. Physical Property Measurements 
The notched-beam-technique (NBT) and the work-of-fracture 
(WOF) method were chosen as suitable f,or measuring the fracture 
energies of heterogenous refractory ~aterials. 
" 
The notched-beam-technique was first used by Davidge and 
T · 29 Th · 
. 1 b t . . appin. e specimen geometry is a rectangu ar .. earn con a1n1ng 
a deep notch cut in the center (f.igure 4A). The load to· failure 
16 
',i. ~. . 
. \' 
., . 
I 
• 
~ .. -- .-
I , 
TABLE II. FRACTURE ENERGIES AND THERMOMECHANICAL PROPERTIES 
Fracture Energy Modulus of l<:rc = '2 Young's Coef. of Refractory % cio3 -2 
modulus Tn. Exp. 
ergs cm ) Rupture (2Y NBTE) # Name Al2o3 YwoF YNBT (psi) (psi in.~) (106 psi) (10-6, oC-1) 
-
99AD1 + * + * 3600:300 * 1240:100 * 
1 99 90. 0- 8. 2 8.0-1.2 17.0 9.3 2 H-W CORUNDUM2 99 + + 2050!300 73o!so 8.5 
58.2-10.6 5.5-0.7 
9 4 . ' 3 SPARTAN 903 90 + 110.1-16.S + 11.0-2.6 32302°500 12302°150 12.2 7. s6 4 ARCO 90 4 90 + 102.8-12.3 + 5.6-0.4 2930!240 860~30 ll.S 6 8.1 ' 5 KORUNDAL XD2 90 + + 2470~590 970!30 9.0 e:. 26 
l' 
98. 8-9. 8 7. ~o. s 
•. st 
NARCAL 905 + + 2760t380 1160!100 
6 90 91.1-8.4 14.7-2.4 
8.1 8.0 
...... 90 B1 90 + + 2020!200 650!70 2.7 8.1 
7 72.7-9.5 14.0-3.0 
-...J 
ALTEX 8SB4 
'-...., 
6 
+ + 1980~230 990~180 
8 85 93.8-10.8 9.8-3.6 8.9 7.8 9 MULTEX 85AB6 85 + + 2940!300 1190~170 9 d 7.6 
89. 9-9. 6 13. ~3. 6 
• • 10 DV-381 85 + 74.5-7.8 + 23.6-12.1 4400!310 1610!400 10.1 7.6 11 nv1 85 + 70. 4-5. 6 + 5.3-1.3 1790~200 sso!10 s.o 7.6 12 MULTEX 8SA6 85 + 70 .1-4. 9 + 7.7-2.0 2170!1so s10!110 7.5 7.4 13 ALTEX 85 4 85 + 44.2-4. 7 • ! + 4. ~l. 2 1540!90 570!90 9.0 7. 36 14 NARCAL 80 5 80 + 76.9-9.l + 11.0-2.5 20102"360 750!90 4.5 7.3 15 SPARTAN 803 80 + + 1630~180 530!90 4.9 7.3 
~ 54.1-4. 9 7. 2-2. 0 16 SPARTAN 75 3 75 + 54.1-8. 4 + 4.6-1.0 1030!1so 49o!so 4.6 7.1 17 NARCAL 70D5 70 + + 222s!110 740!30 4.5 7.0 
, 
79.8-8.7 10. 8-0. 8 
I 
-
1 
NARCAL 70I5 + + 
sso!ao 
18 70 79. 0- 8. 5 11.2-3.2 2.4 6.9 19 ARCO 70 4 70 + 70.1-0.4 + 9.~1.3 1650~150 Goo!1so 3.4 7. 46 
TABLE II. FRACTURE ENERGIES AND THERMOMECHANICAL PROPERTIES (Cont.) 
! 
Fracture Energy Modulus of K ·= Young's Coef. of IC ~ Refractory % (10 3 -2 
modulus Th. Exp. 
ergs cm ) Rupture ( '2Y NBTE) # Name Al2o3 YWOF YNBT (psi) ( . . ~) (106 psi) (10-6 oc-1) psi in. - .. 20 ]<RUZITE D701 70 + + 1590~220 100!10 4.6 6.8 
65. 4-'.. 5. 6 9. 4-1. 9 21 ARCO 70NS4 70 + + 1020!140 390 2.7 6.9 
59. 6-5. 8 4.7-3.0 22. FRANCITE EF 3 70 + + 15ootso 740!140 3.4 6.9 
57.7-7.5 16.2-0.5 23 GREF-MUL4 
-70 + + 4060!390 1340!110 11.0 6.9 
5 7. 3- 7. 6 14.3-2.3 24 ~MULLITE XD 2 70 + + 3240!150 1290!110 11.6 6. 26 
57.5-8.4 12. 7-2.1 25 ALTEX 70 4 70 + + 410!70 310!70 3.7 6.8 
40.0-5.3 2.3-1.1 I-' 26 FRANCO LP3 60 + + 123ot50 620!30 6.5 
a, 63.7-10.2 8.2-0.9 
4.1 27 KYNAC 4 60 + + 3320~200 1160!140 s. 16 
62. 9- 8. 4 14. 8-3. 4 
8.1 28 UFALA2 60 + + 2400!200 aoo!-so 5.8 6. 26 
62.0-8.3 9.6-1.1 29 . MIZZOU1 60 + + 1010!1so 640!70 3.9 6.5 
61.2-4.8 9. 4-2 .1 
·/ 
30 FRANCO A3 60 + + 120!140 330~70 2.0 6.5 
61.3-8.5 4. 8- 2 .1 31 ANCHOR DASH2 60 + + 590!200 320:ao 2.4 6.6° 
58. 9-10. 4 4.0-1.9 32 NARCAL 605 60 + + 1340!190 s10!40 3.4 6.5 
5 7. l- 9. 0 6.7-1.2 
33 ARCO 60 4 60 + + 970!100 42ot30 2.4 6.5 
55.7-8.2 6.4-:.0.9 1 ~ . 
.ANCHOR2 
7 .06 
-34 60 + + 141ot210 sao!so 3.3 
46.5-7.7 9.0-1.5 
.35 NARCAL 60N5 60 + + 860!170 360!20 2.1 6.5 
34.4,:4.5 5.6-0.7 36· TITAN3 50 + + 1530!330 23o!so 4.2 6.3 
53.2-7.3 1.2-0.6 37 SPALLAC-A6 45 + + 1380::210 s3ot40 4.2 6.2 
64.5-12.7 5. 8-0. 8 38 CORUNDITE c 7 45 + + 330!90 210!40 1.8 6.2 
34. 7-5. 2 2.2-0.8 
. 
~. 
,· 
I-' 
l.O 
~-
' ·. 'I 
TABLE II. FRACTURE ENERGIES AND THERMOMD:HANICAL PROPERTIES (Cont.) 
*97.5% confidence limit 
6Manufacturer 1 s values. Other values estimated from the dependence of coefficient of thermal expansion on composition as indicated by manufacturer's data and data pu.b-lished by E. Ruh and R. W. Wallace, Ceram. Bull. 42, 52 (1963). 
1 A. P. Green Refractories Co. 
2 Harbison Walker Refractories 
3 J. H. France Refractory Co. 
4 General Refractories Co. 
5 North American Refractories Co. 
6 H. K. Porter Co. 
~7 New Castle Refractories Co. 
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Figure 4. Typical specimen configurations for: (A), the 
notched beam method, note the cross-Qatched note~ area; and (B), the 
work of fracture method, note the.cross-hatched area of fracture. 
. (, 
is applied by either three or four-point bending. The fracture 
e11ergy (Y NBT) is determined by the follOttJi.ng relationship: 
-
- (8) 
where KIC is the mode I critical stress intensity factor cal-
culated from the failure load, the notch depth, and the speci.m.en 
di.mens ions. Three-point bending was used in this study and KIC 
values calculated from: 
-
-
3FLC~ 
2WD2 (9) 
where Fis the load at failure, L the span, C the notch depth, 
W the specimen width, D the specimen depth, and the A's constants 
based on (L/D) ratios. Equation (9) was determined by Brown and 
Srawley30 and was found to give the most consistent results in a 
31 study by Summers et al. 
The work-of-fracture method was developed almost simul-
taneously by Nakayama 32 and by Tattersall and Tappin. 33 If the 
stored elastic energy in the sample and the testing machine at 
fracture initiation is less than the fracture energy, ·then 
external work must be done· to propagate the crack. The added 
energy can be measured and used to control the crack propagation. 
The amount of stored elastic energy is limited by using a-
mechanically hard testing machine and a specimen configuration 
that requires only a small load for fracture initiation. The 
usual specimen geometry is a rectangular bar reduced in cross-
section -and loaded so that fracture initiates at the apex of an 
21 
.. 
isoceles triangle (figure 48). The low fracture stress also 
insu.res that no energy is consumed by damage in the arms of the 
specimen. 
The total work done (U) should therefore al.l be for crack 
propagation and can be determined from the area under the load-
deflection curve of the testing machine. The fracture energy 
(YWOF) is calculated from: 
, 
-
- U / 2A (10) 
where A is the projected area of the fracture surface without 
regard to surface roughness. The YwoF value so obtained is 
valid only for a perfectly stable fracture as energy is lost 
during catastrophic crack growth. 
For both fracture energy measurement methods, specimens 
measuring 4~ x 1 x 1 inches were cut with a diamond saw. The 
required notches as shown in figures 4A and 4B were cut with a 
diamond lapidary blade with a thickness of 0.020 inch. The YNBT 
specimens were notched so that half their thickness remained. 
The tests for YwoF and YNBT were conducted at room temperature 
in three-point bending with overall span of 3 3/4 inches at 
crosshead-speeds of 0.002 in. min.-l and 0.02 in. min.-1 , 
respectively, on an Instron Model TTDL testing apparatus. Speci-
men supports with roller bearings were used in order to reduce 
frictional effects. The area under the load-deflection curves 
" for YwoF results was measured by means of a planimeter. The 
planimeter technique was also used to measure the projected 
22 
.-_ - ... 
area of the fracture surface from enlarged photographs. Young's 
modulus for calculat·ing y NBT was measured by means of a flexural 
resonance tech.n,ique using f u.1.1-size bricks. Average values for 
YwoF and Y N'BT were determ.ined using at least five and as many 
as nine specimens for each composition. 
Average values for crossbending strength (modulus of rup-
ture (MOR)) were determined for sets of five specimens measuring 
4~ x 3/4 x 3/4 inches loaded to failure at room temperature in 
three-point bending over a span of four inches at a crosshead-
. -1 speed of 0.1 in. min. 
C. Thermal Shock Tests 
1. Water Quenching 
Spalling behavior of the high-alumina refractories when 
subjected to rapid surface cooling was determined by subjecting 
4~ x 3/4 x 3/4 inch specimens to a quench from an electrically 
heated laboratory furnace into water at room temperature. The 
temperature difference of the quench was controlled by adjusting 
the furnace temperature. After drying the specimens in a labora-
tory drying oven, the damage which resulted from the quench was 
monitored by measuring the modulus of rupture as described 
previously. In this manner, the retained strength was determined 
. 
. for most compositions for quenching temperature differences of 
soo
0
c and 1000°c. In addition, several compositions were subjec-
ted to other temperature differences including 200, 300, 400, 
23 
J 
0 600, and 1180 C. On.ly a single quench was pert ormed as another 
34 study on various tests assessing damage to refractories by 
several test methods fou.nd that a single que.nch generally 
ranked the materials in the same order as multiple cycling 
tests. 
2. Radiation Heating 
Spalling behavior when subjected to rapid surface heating 
was determined by placing a thermal shock test unit of four 
side-by-side 4~ x 3/4 x 3/4 inch bars initially at room tempera-
ture into a heated gas-fired furnace (Bickley Furnaces, Inc. 
13 #2320) in a manner similar to that used by Nakayama. The thermal 
_,.,.. .. 
shock test unit was held together by either Kanthal or Nichrome 
wire and is depicted in figure Sa. The two outer bars serve. as 
insulators so that the two inner bars are only heated rapidly 
on opposite sides resulting in a maximum tensile stress at the 
center. After the rapid heating and subsequent slow cooling 
within the furnace, the two inner bars were cut lengthwise in half 
parallel to the heated faces (figure Sb) with a diamond lapidary 
blade of 0.020 inch thickness. The damage sustained was deter-
mined by measuring the modulus of rupture of the four resulting 
specimens with the cut s~faces placed in tension (figure Sc). 
The strength after rapid surface heating was determined for 
.. 
a number of compositions for temperature differences of 800-
14000c at 100°c intervals and for a few compositions for a 
11so0 c temperature difference which was approximately the 
24 
l 
.,,, ... 
, .. 
l'MDCS IMiiaD 
t•J 
Figure 5. Schematic illustrations of (a) thermal shock test unit which is radiation heated on oppo-site sides, (b) cutting directions for speci-men after thermal shock, and (c) strength 
measurement after cutting. (After ref. 13) 
25 
" 
critical temperat·ure difference for the majority of the materials 
tested. For specimens initiall.y at lo,., temperatures and small in 
size relative to the size of the heated enclosu.re, the heat flux 
to the sample and the resultant severity of thermal shock is 
dependent upon the temperature of the furnace walls to the 
fourth power. 35 ' 36 
26 
IV. EXPERI.MENTA,L R.ESULTS 
A. Water Quenching 
Table II lists the experi.mental data for YwoF' YNBT' 
modulus of ruptu~e, critical stress intensity factor, and 
Young's modulus. The values quoted for the linear coefficient 
of thermal ex·pansion were obtained from the manufacturer's data 
37 sheets or by interpolation of data given by Ruh and Wallace. 
0 Average values over the temperature range 200-1200 C were used. 
The nearly linear relation between the modulus of rupture and 
the critical stress intensity factor for all compositions 
tested is shown in figure 6. 
The calculated values of the thermal stress resistance 
parameters Rand Rst' and the thermal shock damage resistance 
parameters Rrrr and Rrrrr are listep in Table III. R and Rrrrr st 
are given for both YwoF and YNBT values. 
Table IV lists the modulus of rupture results for all of 
the water quench tests run. Figures 7-10 show the strength 
behavior as a function of temperature difference for four 
refractory compositions subjected to a water quench. The error 
bars represent the 97.5% confidence limits. Figures 7 and 8 are 
typical of corundum and mullite compositions, respec:t;_ively. 
Figure 9 is a 60% alumina composition that has a very gradual 
decrease in strength, an.d figure 10 is a 60% alumina _composition 
that exhibited a marked decrease in strength over a small range 
27 
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Figure 6. Strength of high-alumina refractories as a function of critical stress intensity factor. 
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TABLE III. THERMAL RESISTANCE PARAMETERS 
·R = R = R = Rf TT = R' ' ' T - R'''' = -
.' · St 1 st 2 1 (E/MOR2) 2 2 
MOR/aE 2 ~ ~ CYwoF/a E) (YNBT/a E) YWOFE/MOR Y NBTE/f•tOR 0 k k 
-1 # (oC) ( C cm 2 ) ( 0 c cm 2 ) (psi ) (cm) (cm) 
-
1 22.78 29.80 8.87 1.31 1.711 0.152 r,' 2 25.74 33.52 10.30 2.01 1.696 0.160 
I 
. I 
3 35. 43 48.36 15.31 1.17 1.864 0.187 4 30.38 44.44 10.42 1.44 2.140 0.118 
r· 
/•, 
5 33.42 48.66 13.34 1.48 2.120 0.159 6 42.52 50. 47 20.26 1.07 1.409 0.227 
I\.) 
- 7 92.41 77.14 33.90 0.66 0.697 0.135 
c..o 
) 8 28.58 so.12 16.18 2.26 3.076 0.321 9 41.10 49.00 18.95 1.09 1.421 0.213 10 57.26 43. 04 24.23 0.52 0.565 0.179 11 47.18 59.44 16. 34 1. 56 1.587 0.120 12 39.15 49.74 16.51 1.59 1.614 0.178 13 23. 46 36. 54 11.59 3.79 2.426 0.244 14 61.13 68.19 25.81 1.12 1.245 0.178 
. 
15 45.57 54.83 19.98 1.84 1.448 0.192 16 31.57 58.17 16.94 4.33 3.395 0.289 17 70.63 72.42 26.63 0.91 1.050 0.142 - 18 100.06 37.67 
19 65. 54 73.90 27.09 1.25 1.272 0.171 
J 
TABLE III. THERMAL RESISTANCE PARAMETERS (Cont.) 
R= R = R = R,,, = R'''' = R',,, = st 2 k st 2 1 (E/MOR2) 2 2 
MOR/a.E ~ (Ywop/a. E) 2 (Y NBT/a. E) YwaFE/MOR Y NBTE/t•tOR (oC) k k 
-1 # ( 0 c cm 2 ) ( 0 c cm 2 ) (psi ) (cm) (cm) 
-i' 
20 ·so. 80 66.77 25.35 1.82 1.728 0.249 21 55.10 82.62 23.14 2.60 2.249 0.176 22 64.02 71.91 38.12 l.Sl 1.262 0.354 23 53.44 39.82 19.91 0.67 0.555 0.139 24 45 .02 43.25 20.36 1.11 0.923 0.205 25 16.38 58.20 14.08 21.80 12.630 0.740 
lN 
26 0 46. 34 73.01 26.15 2.69 2.482 0.318 27 71.80 58.86 28.56 0.74 0.672 0.158 28 66.94 63.51 24.99 1.00 0.900 0.139 29 42.89 73.98 28.97 3.35 2.975 0.456 30 55.54 102.59 28.82 3.84 3.412 0.269 31 37.50 90.35 23.41 6.80 5.805 0.390 32 60.92 76.53 26.ll 1.90 1.578 0.184 33 61.86 89.26 30.23 2.58 2.082 0.239 34 63.68 64. 57 28.36 1.53 1.028 0.198 'P 35 63.12 75.58 30.41 2.87 1.434 0.232 36 57.75 68.02 l0.15 l.80 1.387 0.031 37 53.11 76.12 22.84 2.05 2.054 0.185 38 56.09 85.34 21.33 4.59 2.314 0.145 
TABLE IV. MODULUS OF RUPTURE AFTER WATER QUENCHING 
TemEerature Difference (OC) 
# 00 200° 300° 400° 600° aoo 0 1000° 1180° 
-
1 360lpsi 929 567 771 537 337 2 2057 1592 1052 717 510 398 267 317 3 3233 26'11 2058 1538 1122 983 103(; 4 2830 3866 2870 2618 1508 1245 938 675 5 2466 2360 2214 1733 1529 1116 920 889 6 2755 2622 2546 2252 1882 1502 1263 1199 7 2020 v-1 
1---J 8 1984 1897 1871 1832 1185 1120 1103 ll.l~ 9 2936 3724 2600 2376 1929 1510 1210 10 4395 
1873 1267 1314 1142 
1 
11 1793 
881 687 12 2173 
13 1541 
l4 2008 1830 1749 1777 1310 i174 1196 890 15 1630 1653 1630 1448 1207 1021 867 759 16 1031 
17 2225 
18 
19 1649 1558 1201 1123 1176 884 764 656 
TABLE IV. MODULUS OF RUPTURE AFTER WATER QUENCHING (Cont. J 
Temperature Difference (oC) 
# 00 200° 300° 400° 600° 000° 1000° 1180° -
.20 1589 
21 1019 1143 l013 937 737 656 589 444 
. .-, 
22 1502 1255 l042 1132 ll30 815 882 23 4056 3893 3140 2744 1766 1191 1130 797 24 3238 3346 2555 2495 1466 1013 872 678 25 412 
26 1228 
798 613 
v.J 
1082 895 
I\.) 27 3315 2448 2016 1819 1420 1284 28 2093 1947 1463 1533 1079 1030 1052 804 29 1068 
30 722 688 647 
433 355 31 594 442 570 444 365 276 293 247 32 1336 1375 1218 1043 831 703 668 568 33 965 1180 1081 897 678 734 668 557 34 1471 1479 1236 989 715 613 sos 363 ·35 855 781 769 580 479 487 425 343 - 36 · 1528 
663 541 .; 37 1383 "/ l 
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F.igure 7. Strength behavior of corundum refractory (Refractory .#2) supj:ected to a water .q1Jench. .• 
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,Figure 8. Strength behavior of mullite refractory (R~fraoto:ry· # 23) subjected to -a water quench • 
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Figure 9. Strength behavior of 60% alumina refractory (Refrac.1:ory #3-2). -sv..bj_ e.cted- to a w~t:e.r ·quench • 
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F.i:gu'.re 10. Strength behavior of 60% alumina refractory (Refr.actory #28) subjected. to a wa.ter, quench • 
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of temperature di.ff erenco and then a region of relatively 
constant strength for a large ra.nge of tempera tu.re di.f ference. 
For figure 10, the retained strength for several additional 
temperature differences close to the critical temperature 
difference were determined. 
Figure 11 shows the %MOR retained after a 1000°c water 
quench as a function of the parameter Rst (Y::YwoF) for all 
of the materials tested. A linear regression analysis of %MOR 
retained as a function of Rst gave a correlation coefficient 
of R = O. 75. These same data when curve-fitted can be expressed: C 
%MOR --
with a correlation coefficient of Rc = 0.84. 
The experimental data for an 800°c water quench can 
similarly be described: 
%MOR --
(11) 
(12) 
with a correlation coefficient of~= 0.83. For Rst calculated 
with Y = YNBT' the data for the 1000°c water quench gave a 
correlation coefficient of only 0.55. Correlation of %MOR re-
tained a~ter a 1000°c water quench with the parameter R'''' 
(y=yWOF) gave a correlation coefficient of only 0.29. The 
parameter R8 t (y=yWOF) also gives a good correlation when com-
. 0 pared with the change in strength due to a 1000 C water quench 
as depicted in figure l2. 
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-Figure 11. Retained strength of high-alumina refractories 
subjected to a water quench temperature differ-
ence of 1000°c as a function of the thermal 
stress resistance parameter Rst· 
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Figures 13a and 13b show scann.ing electron m"icrographs 
of the su.rface texture of one of the high-alumina refractories 
in the as-received condition and after a water quenching tem-
perature difference of 1000°c, respectively. The large crack 
in figure 13b is clearly evident and suggests secondary 
cracking. 
B. Radiation Heating 
The retained strength results for the various temperature 
differences in the radiation heating experiments are given in 
Table V. Figures 14-16 show the strength behavior as a function 
of temperature difference for three of the refractory composi-
tions that were subjected to thermal shock by radiation heating. 
The error bars represent one standard deviation. Figure 14 is 
' 
of a corundum composition, figure 15 of a 60% alumina composi-
tion, and figure 16 of a mullite composition. In figure 17, the 
dependence-< of ;VaMOR retained after thermal shock on 1/R'' '' (y= 
YwoF) of the radiation heated compositions that exhibited un-
stable crack propagation is shown. Figure 18 relates the 
strength behavior~ the remainder of the radiation heated com-
positions to the parameter Rst (y=yWOF). 
40 
a . 
b. 
Fig. 13. Scanning electron micrograph of specimen surface of high-alumina refractory with 80% Al203 (Spartan 80), a: prior to quench and b: after 1000°C quench into water.(4ox) 41 
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TABLE V. MODULUS OF RUPTURE AFTER RADIATION HEATING 
Temperature Difference (OC) 
# 00 soo 0 900° l000° ll00° llS0° 1200° 1300° 1400° 
-
2 · 1720psi 1857 1691 1824 1710 1386 1147 639 6 2894 2705 2707 2493 2393 2330 1718 8 1845 1787 1945 2074 1799 1150 1154 832 15 1617 ! 1529 1580 1401 1312 1320 1166 804 
' 
17 2225 2213 1951 1979 1734 1163 1421 19 1650 1513 1629 1559 1684 1224 1499 1112 867 ~ 21 951 743 812 747 694 553 419 tv 23 . 4022 4056 4519 1615 1225 906 384 27 1844 1879 1589 1842 804 830 . 28 2349 2238 2039 2030 2145 1361 1225 1224 130S 31 480 532 480 472 306 314 320 34 1584 1188 1269 1036 544 536 477 
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Figure 14. Strength behavior of Corundum refractory (Refractory #2) 
subjected to radiation heating. 
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Figure 15. Strength behavior of 60% alumina refractory (Refractory #28) subjected to radiation heating . 
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Figure 16. Strength behavior of mullite refractory 
(Refractory #23) subjected to radiation 
heating. 
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Figure 17. Retained strength at the critical furnace tem-
perature of high-alumina refractories exhibiting 
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shock damage res·istance parameter R''' '. -
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V. DISCUSS IO:,: 
A. Ge11eral 
Figures 11, 17, and 18 shO\tl positively the i.mportance of 
fracture energy, in particular YwoF' in governing the spalling 
resistance for both rapid surface heating and rapid su.rface 
cooling of the high-alumina refractories investigated in this 
program. 
It is of interest to note that YwoF appears to be much 
larger than yNBT. This suggests that YwoF and yNBT are distinctly 
different fracture energies each applicable to a separate process. 
The much better correlati~n between modulus of rupture and K:rc = 
~ 
- ~ (2yNBTE) 2 (Re= 0.95) than betvveen KIC - (2yWOFE) (Rc = 0.83) 
suggests that yNBT represents a better measure of the resistance 
to the initiation of crack propagation (i.e., the strength of a 
material) than YwoF· On the other hand, the much better correla-
tion between %MOR retained after water quenching and R5 t = 
\ 2 1: 
- (YNBT/a E) 2 suggests that YwoF is more 
representative of the energy required to keep a crack moving 
(i.e., the spalling resistance) once crack propagation has been 
initiated. 
In view of the observed high ratios for the high-alumina 
refractories studied, it appears that the refractories industry 
already has taken the proper direction in the development of 
refractories that require thermal shock damage resistance. In 
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cor,trast, it iz of intorc.st to note~ thi.lt )1igh-strength technical 
ct~ramics cJcvclopccl for the purpose of higt1 loacl-bearing ability 
(i.e., high resistance to the initiation of crack propagation) 
have values of y WOF of the sa.me order or even less than y NBT. 
It should be noted that the ratio of YwoF to YNBT~is not 
constant, but shows considerable variation for the various com-
positions studied. It is of interest to examine the physical 
significance of this ratio in terms ~f the theory of the thermal 
shock damage resistance parameter R''''· Since in R'''' y phy-
sically represents the energy to propagate a crack over a large 
area rather than to initiate fracture, it follows that in R'''', 
y =·YwoF· Also, as indicated earlier, the strength of the refrac-
.k tory is described better by yNBT' i.e., St= (YNBTEl 0 ) 2 • Sub-
stitution of these quantities into R'''' yields: 
R r r r r -
- y WOFt o/y NBT (13) 
Since the good correlation between KIC and MOR depicted in 
figure 6 suggests that the range of initial crack size for all 
compositions must fall in a relatively narrow range, equation (13) 
implies that the requirement of high values of R'''' for high 
spalling resistance is identical to requiring high values of the 
ratio YwoF/yNBT. The compositions that exhibited good spalling 
resistance were observed to possess the higher values of this 
ratiq. However, for YwoF/yNBT values of greater than approximate+y 
10, there wa·s no improvement in the %MOR retained. These highest 
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values were characteristic: of compositions possessing low 
strength. 
Extensive studies of the m.icrostructure and fracture 
surf aces of fracture energy measurement specimens by scanning 
electron-m.icroscopy failed to reveal distinct structural features 
on which explanations of the desirable high ratio Ywor/y NBT 
possessed by many of the compositions could be based. It is felt 
that these observations are related somehow to the coarse-grained 
porous microstructure. Most likely, the relatively low strength 
of these materials is expected to promote secondary crack forma-
tion during failure and spalling. The coarse structure of the 
refractories, in combination with the irregular pore shape found 
in these materials prevented positive verification of extensive 
secondary crack formation on the fracture surfaces of the frac-
ture energy specimens. 
The measured physical properties used to calculate the 
thermal resistance parameters varied both within each% alumina 
classification and with alumina content. Taking the average 
values for each classification, YwoF increased with alumina 
content up to the 90% classification. The ave~a,ge yNBT values 
were highest for the mullite compositions. The MOR, KIC' and E 
values all increased with alumina content with the mullite· com-
positions exhibiting much higher values than the other 70% 
alumina compositions. 
The values of the thermal resi.stance parameters also 
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7. 
showed a dependence on 4lwnina content. Again taking the average 
Vtllues for eac.h classification, R increased with alumina content 
up to 80% alwnina ancJ then cJecreased a.lthough the largest value 
listed in Table III is for a 90% alumina composition. Rst for 
both fracture energies, R''', and R'''' for yNBT energies all 
decreased with alumina content. For R'''' calculated with Ywor 
energies, the 45% alumina compositions had the highest average 
value by a wide margin, but the average values for the other 
classifications were fairly constant. The rnullite compositions 
had low values in each case. 
B. Water Quenching 
The strength dependence shown in figures 7-9 is typical of 
the stable type of crack propagation indicated in figures 3C and 
3D. As a result, the %MOR retained after thermal shock by water 
quenching is expected to correlate better with the parameter R
5
t 
than with the parameter R'''' in agreement with observations. It 
. 
is not unlikely th~t if thermal conductivity (k) had also been 
included as a variable, the %MOR retained might have shown an 
r 
improved correlation with the parameter R8 t = R8 tk. Unfortunately, 
such data are defined by composition and not by brand name in the 
open literature. The large dependence of k on porosity prohibits 
obtaining exact va_lues for k from the data published by Ruh and 
38 39 McDowell or by Wallace, et al. 
Judging from the values of the exponents in equations (11) 
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and (12), experimentally the roles of Ywor and ci on crack propa-
gation due to water quenching are larger and smaller, respective-
ly, than is expected from their roles in calculating the value of 
Rst· This is expected of a. because of the relatively low thermal 
expansion characteristically exhibited by heavily microcracked 
materials for the temperature range 0-2oo0c. In equations (11) 
rs, 
and (12) the dependence of %MOR retained on Young's modulus is 
about as expected. 
The applicability of equation (4) for describing crack 
propagation and strength behavior for the water quench used in 
the present study was also investigated. On dimensional grounds, 
equation (4) can be written: 
2 .k ~ T(rrcx E/'2y WOF) 2 --
where f(~) is the observed crack size 
1 
parison of f (t) with the term t -~(l + 
0 
f(t) (14) 
dependence on ~T. By com-
. 2 
2TTNt ) , the appropriate-o 
ness of equation (4) can be determined. The left hand side of 
equation (14), for the various temperature differences used in 
the water quenching tests, was plotted as a function of effective 
crack length and shown in figure 19. The values of effective 
~ 
• I, 
crack length were obtain~d by assuming that the crack geometry 
could be approximated by the notch in figure 3A. The crack depth 
in the as-received and quenched specimens was then calculated 
from the values of strength and K:rc by means of equation (9). 
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Figure 19. Comparison of experimental and theoretical depen-dence of crack length on temp~rature difference of thermal shock. 
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These notch-shaped crack length values are given in Table VI. 
The f(t) values for a range of crack density values as described 
by equation (4) are also sh()\,/n in figure 19. Due to the stable 
nature of crack propagation which gives a gradual decrease i,n 
.. 
strength with increasing ~T, the value of critical quenching 
temperature difference could not be determined to any degree 
of accuracy and could not be included in figure 19. It should be 
noted that the experimental curves are steeper than the theoreti-
cal curves. This suggests that equation (4) overestimates the ex-
tent of crack propagation and underestimates the strength re-
tained for a given 6T. In part, the reason for these deviations 
can be attributed to differences between the crack geometry in 
the refractory samples and the mechanical model used to derive 
equation (4). Also, the proper values for YwoF' a, and E should 
be those corresponding to the temperature of the failure, rather 
than the room temperature values used for the present calcula-
tions. This derivation also neglects crack interaction effects 
and assumes equal crack size. There is expected to be a non-
uniform initial crack size which would result in an increase in 
propagating crack density with increasing ~T as smaller cracks 
would propagate at the higher thermal stress levels atta·ined. 
This will automatically give rise to experimental curves which 
. 
are steeper than the theoretical curves,for constant N. Increas-
ing crack densities 
40 Roberts and Wrona 
with increasing ~T were also observed by 
and Bertsch, et ai. 41 in the quenching of 
.. 
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TABLE vr·. EFFECTIVE CRACK LENGTHS OF AS-·RECEIVED AND WATER QUENCHED SPECii"lENS 
Temperature Difference (°C) 
# 00 •. , 200° 300° 400° 600° aoo0 1000° 1100° 
-· 
-
1 0.101cm o. 440 0. 549 0.495 0.585 0.643 2 0.108 0.169 0.288 0.384 0.466 0.511 0.576 0.552 3 0.127 0.179 0.248 0.331 0.413 0.436 0.427 4 0.077 0.038 0.077 0.093 0.240 0.287 0.362 0.447 5 0.112 0.123 0.136 0.202 0.233 0.323 0.374 0.377 6 0.150 0.162 0.168 0.208 0.260 0.325 0.368 0. 383, 7 u, 
=. u, 8 . 0.196 0.208 0.215 0.218 0.351 0.366 0.369 0.376 
. 
9 0.141 0.092 0.175 0.201 0.263 0.332 0.388 10 0.118 
0.353 0.438 0.455 0.472 11 0.078 
0.262 0.334 12 0.131 
13 0.157 
14 0.122 0.145 0.153 0.148 0.234 0.262 0.261 0.342 15 0.127 0.128 0.128 0.159 0.209 0.286 0.302 0.337 16 0.183 
17 0.093 
18 
19 0.113 0.136 0.196 0.221 0.202 0.290 0.324 0.363 " 
"'''1· 
TABLE VI. EFFECTIVE CRACK LENGTHS OF AS-RECEIVED AND WATER QUENCHED SPECil•1.EtJS (Cont. ) Temperature Difference ( 0 c) 
# 00 200° 300° 400° 600° aoo 0 1000° 1180° 
-
20 0.161 
·21 0.118 0.094 O.ll9 0.137 0.203 0.234 0.267 0.341 22 0.211 0.261 0.311 0.301 0.362 23 0.092 0.100 0.154 0.188 0.316 o. 408 0.411 0.487 r 24 0.134 0.206 0.207 0.353 0.434 0.464 0.512 25 
26 0.197 
~ 0.323 0.389 
u, 
O") 27 0.104 0.183 0.251. 0.268 0.351 0.370 0.418 0.445 28 0.092 0.134 0.222 0.207 0.306 0.346 0.310 0.383 29 0.251 
0.370 0.381 30 0.181 
0.322 0.375 31 0.236 0.308 o. 243 0.307 0.354 0.420 o. 408 0.446 32 0.123 0.114 0.144 0.187 0.251 0.299 0.312 0.350 33 0.157 0.107 0.129 0.178 0.260 0.238 0.265 0.319 34 0.132 0.132 0.176 0.241 0.330 0.370 0.405 0.470 35 0.154 0.183 0.180 0.262 0.254 0.308 0.345 0.400 36 
.. 
37 0.124 
0.291 0.333 38 0.112 
0.367 0.420 
high-strength technical cera.m,ics. It is not unlikely that the 
smaller cracks will have an in.itial length of less than tm and 
propagate kinetically instead of stably. Therefore, the crack 
propagation behavior is probably bimodal and described by both 
R5 t and R''''· In addition, increasing crack densities through 
m.icrostructu.ral control is expected to lead to improved spalli.ng 
behavior for both stable and unstable crack propagation. This 
latter approach has already been taken in the development of the 
highly thermal shock resistant partially stabilized zirconia, 42 
· 43 foundry-molds made by the Shaw process, and MgO-W composites. 
The crack density values for the theoretical, curves in 
figure 19 can be shown indirectly to be approximately correct 
for the corresponding experimental data on the following basis. 
Since the typical strength versus 6T curve as shown in figures 
7-10 exhibits the gradual loss in strength typical for stable 
crack propagation, the value of crack length in the refractory 
specimens prior to quenching should correspond to the minimum 
in the ~T(rra 2E/2yWOF)~ versus t curves. As indicated by equation 
(6), this minimum is a function of crack density. The experjmen-
tal curves in figure 19 suggest that the minimum occurs for , . 
values o·f-t near 0.1 cm. The values of effective initial crack 
length as given in Table VI for all of the compositions that were 
que~ched range from 0.078 to 0.2~4 cm. with corre?ponding theo-
retical crack densities of approximately 10 to 0.5 cm.- 2, respec-
tively, in good agreement with the values obtained by comparing -
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the experi,mental and theoretical curves shown in figure 19. Due 
to the coa,rse microstructure the crack densities could not be 
determined experimentally with much accuracy. For the specimen 
shO'#ln in figure 13b, the crack density for a 1000°c quench was .. 
f - 2 b h. d i. close to the range o 3-5 cm. Crack ranc 1ng uring spal.l ng 
is also evident in figure 13b. It appears then that equation (4) 
may be used with some degree of reliability, especially when more 
information on crack length and crack density becomes available 
in the near future. 
C. Radiation Heating 
Figures 14-16 show that both the discontinuous strength 
loss depicted in figure 3B and the. gradual strength loss de-
picted in figure 3D were observed in the thermal shock by 
radiation heating experiments. Figure 14 shows that the strength 
dependence on the furnace temperature of the corundum composition, 
also shown in figure 7 for water quenching, exhibited stable 
crack propagation in the radiation heating tests. In figure 15, 
the 60% alumina composition, also depicted in figure 10 for water 
quenching, is shown to possesp catastrophic crack propagation at 
the critical furnace· temperatur.e and a constant strength region 
for the higher furnace temperatures. Figure 16 shows the strength 
behavior of the same mullite composition given in figure 8 for 
the water quench. It exhibited a discontinuous stre_ngth behavior 
at the critical furnace temperature, but apparently no region of 
constant strength for the higher· temperatures·., 
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Compa.ring figur:-es 7, 8, and 10 with figures 14, 15, and 
. ,, 
16 demonst·rates that the crack propagation behavior of high-
alumina refractories is not necessarily the same under conditions 
of rapid surface cooling and rapid surface heating. The discon-
tinuous strength loss shown in figures 15 and 16 for thermal 
shock by radiation heating rather than the gradual strength loss 
typical of the quenching experiments can be explained by densi-
ties of cracks that are 10\tler within the body than on its sur-
face. For lower values of N, t is larger and the initial crack m 
length could then be less than~ and catastrophic crack propa-m 
gation would be expected. Figure 20 shows two cracks produced in 
the mullite composition by radiation heating with a furnace 
temperature of 1420°c. There were eight such roughly parallel ~ 
cracks running across the specimen width to give a crack density 
of approximately 0.4 cm.- 2 Using this value of Nin equation (6), 
a value of crack length of about 0.37 cm. for the minimum in the 
critical temperature for crack instability as a function of crack 
length curve is obtained. This value is considerably greater than 
the initial effective crack length of 0.092 cm. listed in Table 
VI and a discontinuous strength loss as observed in figure 16 
would be expected. 
Figures 17 and 18 separate the radiation heated composi-
tions listed in Table V into the two types of strength loss 
obse~ved, discontinuous and stable, respectively, and compare 
them to the appropriate thermal resistance parameter. In fi·gur·e 
' 
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Figure 20. Thermal shock cracks produced in mullite composition (refractory #23) by radiation heating in furnace at 1420°c. (SX) 
,' 
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17 the %MOR retained at the critical fu.rnace temperature for 
unstable crack propagation due to radiation heating is shown as 
a function of the reciprocal of the thermal shock damage resis-
tance parameter R' '' '. Figure 18 relates the change in strength 
over a 200°c furnace temperat·ure range of the remaining composi-
tions that exhibited gradual strength loss as a function of the 
parameter Rst· YwoF values were used to calculate R' ''' and Rst, 
and the mullite composition was included in both figures 17 and 
18. For each type of behavior there is an excellent correlation 
between the relative observed and predicted behavior. From 
figure 17, it can be concluded that if kinetic crack propagation 
occurs, the retained strength at best will be about 65% of the 
original strength. In the development of refractory materials, 
attaining a 1/R'''' value of less than 0.25 would be expected to 
give little improvement in the %MOR retained after thermal shock. 
When selecting an operating schedule to minimize refrac-
tory damage from environmental temperature changes, two areas 
should be considered. Maximum refractory life would be obtained 
through temperature fluctuations that are minimal and gradual to 
limit the thermal stress levels attained, and by selecting a 
schedule that results in favorable crack densities. The tests 
conducted to determine the most suitable refractory should re-
sult in propagating crack density behavior identical to that ___ .. ----
' ·, 
occurring in service. In the pa'hel spalling test, the rapid sur-
l. -·· 
face c9oling by water would produce higher crack densities than a 
rapid surface heating test and better results than actually found 
• • 1n service. 61 
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VI CONCLUSIONS 
The results of the present study have shown the validity 
of using the parameters R5 t and R'''' to predict the relative 
amou.nts of damage sustained by brittle materials when su_bjected 
to thermal shock by either water quenching or radiation surface 
heating. 
In terms of future development of materials with increased 
thermal shock damage resistance, this study has shown that maxi-
mizing the parameters Rst and R'''' will result in greater spal-
ling resistance. However, in selecting materials for refractory 
applications in which the service conditions are so severe that 
thermal stress fracture initiation is unavoidable or undesirable 
because of the catastrophic failure of high-strength brittle 
ceramics, tradeoffs between the properties of high refractoriness 
(i.e., high alumina content), high work-of-fracture, low thermal 
conductivity, and low Young's modulus will have to be made since 
the highest values for Rst are generally found for the refrac-
tories with the lower alumina content due to their lower thermal 
expansion and elastic modulus. For catastrophic crack propagation, 
R'' '' (y=yWOF) .showed little dependence on alumina content be-
cause of the higher values df YwoFE corresponding to refractory 
compositions possessing higher strengths. If the nature of crack 
propagation is unknown, or if the failure is due to both rapid 
heating and cooling with discontinuous strength loss for heating 
and gradual strength loss for cooling as-observed. for some 
62 
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compositions in this study, obtain.ing high values of Ywor would 
seem to be the desired goal. Low strength or low thermal expan-
sion is only helpful in one case and not the other, while high 
values of Young's modulus are desired for k,inetic crack propaga-
tion and lc,.,.t values for stable crack propagation. 
In sununary, the present research has demonstrated the im-
portance of crack densities and in,itial crack lengths in deter-
mining the character of crack propagation, and the important role 
"-, 
of fracture energies in establishing the spalling resistance of 
high-alumina refractories • 
. , 
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